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METHOD FOR CONVERTING MASS
SPECTRAL LIBRARIES INTO ACCURATE
MASS SPECTRAL LIBRARIES

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/006,803, filed Jun. 2, 2014,
the content of which is incorporated by reference herein in
its entirety.

INTRODUCTION

Accurate mass spectrometry/mass spectrometry (MS/MS)
spectral library matching has great potential for enhancing
the efliciency of unknown screening workflows. However,
large-scale accurate mass spectral repositories do not cur-
rently cover as extensive a chemical space as nominal or
non-accurate mass repositories do. Building of accurate
mass spectral repositories 1s time-consuming (e.g., mnstru-
ment time, availability of chemicals, etc.) and may not
always be feasible.

Some work has been done on automated re-calibration of
accurate mass data to improve the quality of accurate mass

spectral libraries. Also, tools to automatically generate theo-
retical MSn spectra from just compound structures (in the
absence ol any MS data) have been recently developed.
These tools tend to overestimate the fragments, however.

SUMMARY

A system 1s disclosed for converting product ion mass
spectra to product 1on mass spectra with higher mass accu-
racy. The system 1includes a processor. The processor
receives at least one product 1on mass spectrum produced by
a tandem mass spectrometer, recerves a chemical structure
of a compound that corresponds to the at least one product
ion mass spectrum, and assigns one or more e¢lemental
compositions to at least one peak 1n the at least one product
ion spectrum based on the chemical structure. The processor
turther selects at least one elemental composition of the one
or more assigned elemental compositions for the at least one
peak, and converts the mass of the at least one peak to the
mass ol the selected at least one elemental composition,
producing a product 1on mass spectrum with higher mass
accuracy.

A method 1s disclosed for converting product 1on mass
spectra to product 1on mass spectra with higher mass accu-
racy. At least one product 1on mass spectrum produced by a
tandem mass spectrometer 1s recerved using a processor. A
chemical structure of a compound that corresponds to the at
least one product 1on mass spectrum 1s received using the
processor. One or more elemental compositions are assigned
to at least one peak 1n the at least one product 1on spectrum
based on the chemical structure using the processor. A least
one elemental composition of the one or more assigned
clemental compositions 1s selected for the at least one peak
using the processor. The mass of the at least one peak 1s
converted to the mass of the selected at least one elemental
composition using the processor, producing a product 1on
mass spectrum with higher mass accuracy.

A computer program product 1s disclosed that includes a
non-transitory and tangible computer-readable storage
medium whose contents include a program with 1nstructions
being executed on a processor so as to perform a method for
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2

converting product ion mass spectra to product 1on mass
spectra with higher mass accuracy.

The method includes providing a system, wherein the
system comprises one or more distinct software modules,
and wherein the distinct software modules comprise an input
module and an analysis module. The mput module receives
at least one product 1on mass spectrum produced by a
tandem mass spectrometer. The input module receives a
chemical structure of a compound that corresponds to the at
least one product 1on mass spectrum. The analysis module
assigns one or more elemental compositions to at least one
peak 1n the at least one product 10n spectrum based on the
chemical structure. The analysis module selects at least one
clemental composition of the one or more assigned elemen-
tal compositions for the at least one peak. The analysis
module converts the mass of the at least one peak to the mass
of the selected at least one elemental composition, produc-
ing a product 10on mass spectrum with higher mass accuracy.

These and other features of the applicant’s teachings are
set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The skilled artisan will understand that the drawings,
described below, are for illustration purposes only. The
drawings are not intended to limit the scope of the present
teachings in any way.

FIG. 1 1s a block diagram that illustrates a computer
system, upon which embodiments of the present teachings
may be implemented.

FIG. 2 15 a schematic diagram of an exemplary system for
converting product 1on mass spectra to product ion mass
spectra with higher mass accuracy, i accordance with
various embodiments.

FIG. 3 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing 1sobaric fragments, in accordance with various embodi-
ments.

FIG. 4 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing cascading neutral losses, 1n accordance with various
embodiments.

FIG. § 1s an exemplary screen capture of information from
two overlaid display windows of a fragmentation evaluation
tool showing fragments resulting from two different types of
broken bonds, 1in accordance with various embodiments.

FIG. 6 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing the chemical structure of a fragment of venlafaxine, 1n
accordance with various embodiments.

FIG. 7 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing the chemical structures of another fragment of venla-
faxine that also has a mass of 132.0570, 1n accordance with
various embodiments.

FIG. 8 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing the chemical structure of a fragment of 7-aminoclon-
azepam having a nominal mass of 193 and having the
highest score, 1n accordance with various embodiments.

FIG. 9 1s an exemplary screen capture of information from
a display window of a fragmentation evaluation tool show-
ing the chemical structure of a fragment of diazepam having
a stmilar structure as the highest scoring fragment in FIG. 8,
in accordance with various embodiments.

FIG. 10 1s an exemplary screen capture of information
from two overlaid display windows of a fragmentation
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evaluation tool showing the chemical structures of two
fragments of temazepam that also have a mass of 193, n

accordance with various embodiments.

FIG. 11 1s an exemplary series ol mass spectrum plots
showing how spectra are converted into accurate non-
specific fragmentation spectra by injecting a theoretical
1sotope pattern for each annotated fragment into the spectra,
in accordance with various embodiments.

FIG. 12 1s an exemplary nominal or low-accuracy product
ion mass spectrum for epinephrine, in accordance with
various embodiments.

FIG. 13 1s an exemplary converted accurate product 1on
mass spectrum for epinephrine, 1n accordance with various
embodiments.

FIG. 14 1s a flowchart showing a method for converting
product 10n mass spectra to product 1on mass spectra with
higher mass accuracy, 1n accordance with various embodi-
ments.

FIG. 15 1s a schematic diagram of a system that includes
one or more distinct software modules that performs a
method for converting product 10on mass spectra to product
ion mass spectra with higher mass accuracy, in accordance
with various embodiments.

Before one or more embodiments of the present teachings
are described 1n detail, one skilled 1n the art will appreciate
that the present teachings are not limited 1n their application
to the details of construction, the arrangements of compo-
nents, and the arrangement of steps set forth 1n the following,
detailed description or illustrated in the drawings. Also, it 1s
to be understood that the phraseology and terminology used
herein 1s for the purpose of description and should not be
regarded as limiting.

DESCRIPTION OF VARIOUS EMBODIMENTS

Computer-Implemented System

FIG. 1 1s a block diagram that illustrates a computer
system 100, upon which embodiments of the present teach-
ings may be implemented. Computer system 100 includes a
bus 102 or other communication mechanism for communi-
cating information, and a processor 104 coupled with bus
102 for processing information. Computer system 100 also
includes a memory 106, which can be a random access
memory (RAM) or other dynamic storage device, coupled to
bus 102 for storing instructions to be executed by processor
104. Memory 106 also may be used for storing temporary
variables or other intermediate information during execution
ol 1nstructions to be executed by processor 104. Computer
system 100 further includes a read only memory (ROM) 108
or other static storage device coupled to bus 102 for storing
static 1information and instructions for processor 104. A
storage device 110, such as a magnetic disk or optical disk,
1s provided and coupled to bus 102 for storing information
and 1nstructions.

Computer system 100 may be coupled via bus 102 to a
display 112, such as a cathode ray tube (CRT) or liquid
crystal display (LCD), for displaying information to a com-
puter user. An mput device 114, including alphanumeric and
other keys, 1s coupled to bus 102 for communicating infor-
mation and command selections to processor 104. Another
type of user mput device 1s cursor control 116, such as a
mouse, a trackball or cursor direction keys for communi-
cating direction information and command selections to
processor 104 and for controlling cursor movement on
display 112. This mnput device typically has two degrees of
freedom 1n two axes, a first axis (1.e., X) and a second axis
(1.e.,v), that allows the device to specily positions 1n a plane.
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A computer system 100 can perform the present teach-
ings. Consistent with certain implementations of the present
teachings, results are provided by computer system 100 in
response to processor 104 executing one or more sequences
of one or more 1nstructions contained 1 memory 106. Such
instructions may be read into memory 106 from another
computer-readable medium, such as storage device 110.
Execution of the sequences of instructions contained 1in
memory 106 causes processor 104 to perform the process
described herein. Alternatively hard-wired circuitry may be
used 1n place of or 1n combination with software nstructions
to 1mplement the present teachings. Thus implementations
of the present teachings are not limited to any specific
combination of hardware circuitry and software.

In various embodiments, computer system 100 can be
connected to one or more other computer systems, like
computer system 100, across a network to form a networked
system. The network can include a private network or a
public network such as the Internet. In the networked
system, one or more computer systems can store and serve
the data to other computer systems. The one or more
computer systems that store and serve the data can be
referred to as servers or the cloud, i a cloud computing
scenar10. The one or more computer systems can include one
or more web servers, for example. The other computer
systems that send and receive data to and from the servers
or the cloud can be referred to as client or cloud devices, for
example.

The term “computer-readable medium™ as used herein
refers to any media that participates 1n providing instructions
to processor 104 for execution. Such a medium may take
many forms, including but not limited to, non-volatile
media, volatile media, and transmission media. Non-volatile
media includes, for example, optical or magnetic disks, such
as storage device 110. Volatile media includes dynamic
memory, such as memory 106. Transmission media includes
coaxial cables, copper wire, and fiber optics, including the
wires that comprise bus 102.

Common forms of computer-readable media or computer
program products include, for example, a floppy disk, a
flexible disk, hard disk, magnetic tape, or any other magnetic
medium, a CD-ROM, digital video disc (DVD), a Blu-ray
Disc, any other optical medium, a thumb drive, a memory
card, a RAM, PROM, and EPROM, a FLASH-EPROM, any
other memory chip or cartridge, or any other tangible
medium from which a computer can read.

Various forms of computer readable media may be
involved 1n carrying one or more sequences ol one or more
instructions to processor 104 for execution. For example, the
instructions may initially be carried on the magnetic disk of
a remote computer. The remote computer can load the
instructions into 1ts dynamic memory and send the struc-
tions over a telephone line using a modem. A modem local
to computer system 100 can receive the data on the tele-
phone line and use an mira-red transmitter to convert the
data to an infra-red signal. An infra-red detector coupled to
bus 102 can receive the data carried 1n the infra-red signal
and place the data on bus 102. Bus 102 carries the data to
memory 106, from which processor 104 retrieves and
executes the instructions. The instructions received by
memory 106 may optionally be stored on storage device 110
either before or after execution by processor 104.

In accordance with various embodiments, instructions
configured to be executed by a processor to perform a
method are stored on a computer-readable medium. The
computer-readable medium can be a device that stores
digital information. For example, a computer-readable
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medium includes a compact disc read-only memory (CD-
ROM) as 1s known in the art for storing software. The
computer-readable medium 1s accessed by a processor suit-
able for executing instructions configured to be executed.
The following descriptions of various implementations of
the present teachings have been presented for purposes of
illustration and description. It 1s not exhaustive and does not
limit the present teachings to the precise form disclosed.
Modifications and variations are possible i light of the
above teachings or may be acquired from practicing of the
present teachings. Additionally, the described implementa-
tion includes soiftware but the present teachings may be
implemented as a combination of hardware and software or
in hardware alone. The present teachings may be imple-
mented with both object-oriented and non-object-oriented
programming systems.
Systems and Methods for Converting Masses
Tandem mass spectrometry or mass spectrometry/mass
spectrometry (MS/MS) 1s used to i1dentily unknown com-
pounds by matching experimentally obtained product 1on
spectra with reference product ion spectra obtained from
authentic standard samples of known compounds. The mea-
sured masses reflect the elemental compositions and struc-
tures of the product 1ons generated by fragmenting a pre-
cursor 1on of the standard sample. Typically only the
monoisotopic form of the precursor 10n 1s selected so that the
product 1on spectrum contains no information about 1sotope
peaks. A collection of reference product 1on spectra 1s known
as a library and the masses and intensities of the library of
product 10n spectra are often stored 1n a database.
Matching 1s performed by comparing the masses and
intensities ol peaks in the different spectra. Since there 1s
always an error associated with mass measurements, the
mass comparison uses a tolerance window to decide 1t two
masses are the same. However, 11 the tolerance window 1s
large, 1t 1s possible that 10ns with diflerent but similar masses
can be mcorrectly assumed to match. Thus, the accuracy of
the matching process depends on the measurement accuracy
of the masses in both the experimental and reference spectra.
Many libraries have been generated using tandem mass
spectrometers with a mass measurement accuracy on the
order of 0.1 mass units (amu or Daltons, Da), such as triple

quadrupole i1nstruments, and the experimental spectra
obtained on a similar istrument.

Recently 1t has become increasingly common to measure
mass spectra using instruments that are capable of much
higher accuracy, for example 0.01 or 0.001 amu. While
experimental spectra from these mass spectrometers can be
matched with library spectra obtained on lower accuracy
devices, the performance of the spectral comparison 1is
greatly improved 1t the library also contains high accuracy
spectra. Normally, generating a high accuracy library
requires that the standard samples be re-analyzed using a
different, high accuracy nstrument but this 1s time consum-
ing and may not be feasible if the standards are no longer
available for example.

In various embodiments, systems and method are used to
improve the accuracy of an existing library, 1.e., to replace
nominal or low accuracy mass values with high accuracy
equivalents, or the calculated exact mass, while retaining the
intensity ratios of the reference spectrum.

This can be achieved 1f the structure of the fragment ions
can be determined, since this provides the elemental com-
position from which the exact mass can be calculated and
used to replace the low accuracy value in the reference
library. It 1s possible to manually annotate spectra by assign-
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6

ing structures to the observed fragment 10ns, but this 1s time
consuming and requires extensive knowledge and experi-
ence.

In various embodiments, an algorithm generates all poten-
tial elemental compositions of fragments 1n-silico based on
a computer readable representation of the chemical structure
of the known compound, but such an algorithm often
predicts too many fragments. A computer readable repre-
sentation of the chemical structure 1s, for example, a MOL
file, or can be represented in SMILES notation. Further-
more, since the library spectra have low accuracy, it 1s
common for two or more predicted fragments to have
masses that match an observed fragment within the tolerance
of the reference data.

In various embodiments, the algorithm further scores
predicted fragments based on fragmentation rules. Fragmen-
tation rules can include, but are not limited to, rules such as
a rule that the elemental composition of fragment 1ons must
be consistent with the composition of the (known) precursor
ion, a rule that losses (which are often easier to assign) must
also be consistent with their precursor, a rule that chemical
bonds between carbon (C) and heteroatoms such as nitrogen
(N), oxygen (O) and sulphur (S) are easier to break than
C—C bonds, a rule that rings are harder to break than linear
structures, especially 1f the ring 1s also aromatic. In addition,
if there are families of compounds, such as drugs that are
derivatives of a common scaflold structure, a structure
assigned to a fragment 1n one member of the famaily 1s likely
to be the same as a fragment with the same mass 1n a second
member of the family.

Based on these scores, each product 10n of each product
ion spectrum 1s annotated with the most likely structure of
that product 10n, the elemental composition of that structure
1s determined, and the calculated exact mass of that elemen-
tal composition 1s used to update the reference library mass.

Further, 1f a fragment has two or more possible structures
that cannot be resolved, both can be stored. In other words,
if applying 1n silico fragmentation and fragmentation rules
results 1n two or more possible exact masses for a product
1on, the reference library can be made to store two or more
mass values for a product 1on.

In various embodiments, subsequent spectral matching
algorithms are modified to select the mass closest to the
experimental mass. For example, a reference library may
receive and store masses of 99.9 and 100.1 for a peak of a
product 10on spectrum ol a compound. These values are
found through 1n silico fragmentation and the fragmentation
rules described above. If an experimental value of 99.91 1s
then later found, a matching algorithm uses the exact mass
closest to the experimental mass and 1gnores any alternative
exact mass values. In this case, the exact mass closest to the
experimental mass 1s 99.9. In various embodiments, rather
than moditying the matching algorithm, the alternative exact
mass values are removed from the reference library.

In various embodiments, from the elemental composition
ol the product 10on the expected 1sotope pattern (masses and
intensities) can be calculated and these additional peaks can
be added to libraries intended for use with techniques that
deliberately use wide precursor 1on windows so that 1sotopes
are included. Such techniques that deliberately use wide
precursor 1on windows include, but are not limited to, data
independent acquisition (DIA) and sequential windowed
acquisition (SWATH).

FIG. 2 1s a schematic diagram of an exemplary system
200 for converting product 1on mass spectra to product 1on
mass spectra with higher mass accuracy, in accordance with
various embodiments. System 200 includes processor 220.




US 10,395,908 B2

7

Processor 220 receives product 10n spectrum 211 and chemi-
cal structure 212 of a compound known corresponding to
product 10n spectrum 211. Product 10n spectrum 211 1s from
an existing library that has low accuracy mass values, for
example.

Chemical structure 212 can also be obtained from the
existing library. Typically one of ordinary skill in the art
thinks of an existing library as a single database that contains
the spectra and (usually) chemical structures. However,
Chemical structure 212 can also be obtained from some
computer directory where 1t 1s stored, or from a searchable
database of chemical structures where a structure 1s obtained
in response to a compound i1dentifier (name, etc.).

In addition to product 1on spectrum 211 and chemical
structure 212, algorithm 200 can also receive complemen-
tary information 213 as input from the existing library.
Complementary information 213 can include, but i1s not
limited to, data collection conditions such as polanty, Q1
resolution, precursor m/z, m/z error distribution, target prod-
uct 10n spectrum Q1 width, and collision energy.

Processor 220 converts a mass peak of product 1on
spectrum 211 to a more accurate or exact mass peak by
assigning one or more elemental compositions to the mass
peak and selecting at least one elemental composition for the
mass peak. Processor 220 can perform this conversion 1n at
least two different ways.

First of all, processor 220 can perform in-silico fragmen-
tation of chemical structure 211 and compare the masses of
the elemental compositions of each simulated fragment to
cach mass peak of product ion spectrum 211. The elemental
compositions of fragments whose masses are within a mass
tolerance of the mass of the mass peak of product ion
spectrum 211 are assigned to the mass peak. The assigned
clemental compositions can also be given a score. The score
can be based on fragmentation rules that take into account,
for example, the number of broken bonds, the type of broken
bonds (in light of CE used for fragmentation), the type of
internal bonds, evidence of cascading fragmentation, hydro-
gen migration, rearrangements, and evidence of fragments 1n
the product 10on spectrum from compounds of similar struc-
tures.

At least one assigned elemental composition 1s then
selected for the mass peak of product ion spectrum 211
based on the highest score, for example. The mass of the
mass peak 1s then converted to the higher accuracy or exact
mass of the selected elemental composition. After convert-
ing all mass peaks of product ion spectrum 211, processor
220 outputs higher accuracy product 10n spectrum 230.

Processor 220 can also covert the masses of product 10n
spectrum 211 by first calculating all possible elemental
compositions for each mass peak in product 1on spectrum
211 based on the number and type of elements in chemical
structure 212. As a result, processor 220 assigns one or more
clemental compositions to a mass peak of product 1on
spectrum 211. These assigned elemental compositions can
also be given a score. The score 1s, for example, a compo-
sition score based on mass or m/z error. In various embodi-
ments, some mass peaks of product 1on spectrum 211 can be
determined to be 1sotopic peaks based on the Q1 width and
can be given an appropriate elemental composition.

However, assigning clemental compositions for each
mass peak based on mass alone may result in too many
clemental compositions for some peaks, making selection of
one elemental composition diflicult. As a result, 1n various
embodiments, processor 220 additionally performs 1n-silico
fragmentation of chemical structure 211 as described above.
However, in this case, instead of comparing the fragments to

10

15

20

25

30

35

40

45

50

55

60

65

8

the mass peaks, the fragments are compared to the elemental
compositions already assigned to each mass peak. As
described above, the fragments can also be given a frag-
mentation score based on fragmentation rules. Therefore, 1n
order to select an elemental composition, the composition
score and the fragment score are combined to provide an
overall score for each assigned elemental composition.

As 1n the other conversion method described above, at
least one assigned elemental composition 1s then selected for
the mass peak of product 1on spectrum 211 based on the
highest score, for example. The mass of the mass peak 1s
then converted to the higher accuracy or exact mass of the
selected elemental composition, and after converting all
mass peaks of product ion spectrum 211, processor 220
outputs higher accuracy product 1on spectrum 230.

Methods of converting product 1on mass spectra to prod-
uct 1on mass spectra with a higher mass accuracy can
improve accessibility and quality of internal and public
spectral repositories that are used 1 small molecule quali-
tative work, such as screening and identification workflows.
They can provide an easy option for bridging the compat-
ibility limitation of the existing mass spectral libraries with
accurate mass data. They can also address the discrepancy
between spectral repositories collected with unit Q1 resolu-
tion and the data collected with non-specific precursor 10on
selection.

A well-known proteomics technique also uses a method of
fragment prediction. In this proteomics technique a set of
proteins are in-silico enzyme digested to form peptides and
theirr fragments are predicted and stored in a database of
theoretical spectra. Experimental product ion spectra are
compared to this database in order to determine which
peptides are present in a sample. Peptide fragmentation 1s
simple and well understood so fragment mass prediction 1s
very accurate, although there 1s no guarantee that a particular
fragment will form and the fragment intensity cannot be
predicted. In contrast, the fragments produced from the
fragmentation of small molecules, are diflicult to predict,
and the intensity ratios are an important part of the matching
algorithm, hence 1t 1s advantageous to update the masses of
a library of authentic product 1on spectra. Also 1n contrast,
theoretical peptide spectra are not used to increase the mass
accuracy ol previously stored experimental spectra.

Recently, there has been some interest in building libraries
of reference spectra of authentic peptides, which may have
been synthesized or observed experimentally, and thus deter-
mining the intensity ratios of the observed fragments. IT
these spectra are generated with low accuracy, the tech-
niques described herein can also be used to improve the
accuracy ol the measured masses of proteomics data.

As a result, 1n various embodiments, nominal or non-
accurate mass product 1on spectral libraries are converted
automatically to accurate mass product 10n spectral libraries
using a computer so that when unknown accurate mass
spectra are compared to such libraries the lowest common
denominator 1s an accurate mass value. Such a conversion
can be referred to as in-silico meaning that the conversion 1s
performed 1n or by a computer or processor.

In various embodiments, at least three pieces of informa-
tion are used 1n the conversion. A first piece of information
1s the compound structure 1itself. A second piece of infor-
mation 1s the data 1n the existing spectral repositories, which
includes data collection conditions (such as polarity, Q1
resolution and collision energy). A third piece of information
1s one or more experiment-taillored in-silico fragmentation
rules for a parent compound structure. For example, m/z
values 1n a spectral repository are adjusted (while keeping
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the relative fragment intensities) to convert them to an
accurate mass counterpart that would have been collected
under the same 1onization and CID conditions using an
accurate mass 1nstrument.

In various embodiments, to successiully convert mass
spectra into accurate mass ones, complementary information
in the spectral repository 1s leveraged, 11 available. This can
be done by storing a putative spectral fragment and neutral
loss annotation with the supporting information (such as m/z
error, score, rings plus double bonds (RDB), hydrogen
migration, or type ol broken bonds).

In various embodiments, in order to resolve predicted
fragments that are 1sobaric, or have the same mass within the
accuracy ol the low accuracy data or library spectrum,
scoring of the likelihood of the fragment 1s used to filter out
entries that are less likely. Existing fragment scoring (based
on m/z error, odd/even electrons, number and type of broken
bonds to yield fragment, hydrogen migration) 1s expanded in
at least four different ways.

(1) Use the evidence from cascading fragments to score
and filter 1sobaric fragments (i.e., can the fragment existence
be explained through a difference of common neutral loss in
terms of a preceding fragment).

FIG. 3 1s an exemplary screen capture 300 of information
from a display window of a fragmentation evaluation tool
showing i1sobaric fragments, 1n accordance with various
embodiments. Screen capture 300 shows two high scoring
1sobaric predicted fragments 310 and 320 for buspirone.
Screen capture 300 also shows a product 1on spectrum 340
for buspirone, a chemical structure for buspirone with sub-
structure 350 of fragment 310 highlighted, and a chemical
structure for buspirone with substructure 360 of fragment
320 highlighted. The exact masses of fragments 310 and 320

correspond to a measured mass of 222.1476 withun 0.002
amu.

FIG. 4 1s an exemplary screen capture 400 of information
from a display window of a fragmentation evaluation tool
showing cascading neutral losses, 1n accordance with vari-
ous embodiments. Screen capture 400 shows that a frag-
ment’s existence can be explained through a diflerence of
common neutral loss. In other words, by tracking informa-
tion from potential cascading neutral losses, and their con-
tributions to fragment scores, unlikely 1sobaric fragment
assignments can be filtered out.

For example, screen capture 400 shows product 1on

spectrum 440 and a chemical structure for buspirone with
substructure 350 of FIG. 3 highlighted. Neutral loss 410 has

a loss of 54.044°7 Da from peak 460 to peak 470 in product
ion spectrum 440. Since substructure 350 of FIG. 3 can
include neutral loss 410. Fragment 310 of FIG. 3 1s more
likely than fragment 320 of Figure. Thus, FIGS. 3 and 4
show how 1sobaric fragments can be scored and filtered
using neutral loss information.

(1) Use fragment stability to score and filter 1sobaric
fragments (the type of certain broken bonds to yield a
fragment 1s less energetically demanding than others).

FIG. 5 1s an exemplary screen capture 500 of information
from two overlaid display windows of a fragmentation
evaluation tool showing fragments resulting from two dii-
ferent types of broken bonds, 1n accordance with various
embodiments. Display window 3510 and display window 520
both display the chemical structure for bisoprolol 511 and
521, respectively. However, display window 510 shows the
chemical structure of a fragment of bisoprolol 515 that
results from 3 C-heteroatom bonds being broken. In con-
trast, display window 520 shows the chemical structure of a
fragment of bisoprolol 525 that results from 2 aromatic
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bonds being broken. Although fewer bonds need to be
broken to produce structure 525 as compared to structure
515, structure 525 1s actually less likely. This 1s because
aromatic ring bonds are much more stable than C-heteroa-
tom bonds.

FIG. 6 1s an exemplary screen capture 600 of information
from a display window of a fragmentation evaluation tool
showing the chemical structure of a fragment of venlafaxine,
in accordance with various embodiments. Screen capture
600 shows the chemical structure of fragment of venlataxine
610 that has a mass of 132.0570. Screen capture 600 also
shows a product 1on spectrum 640 and a chemical structure
650 for venlafaxine.

FIG. 7 1s an exemplary screen capture 700 of information
from a display window of a fragmentation evaluation tool
showing the chemical structures of another fragment of
venlataxine that also has a mass of 132.0570, 1n accordance
with various embodiments. Screen capture 700 shows the
chemical structure of fragment 720 of venlafaxine that has
a mass ol 132.0570.

Fragment structures 610 of FIGS. 6 and 720 of FIG. 7 are
1sobaric fragments of venlafaxine. Structure 610 of FIG. 6 1s
more stable and 1s, therefore, more likely, because it 1s much
casier to break C—N bonds than C—C bonds. In other
words, structure 720 of FIG. 7 includes a penalty {for
containing a C—N bond that 1s not broken and 1s, therefore,
less likely.

(111) Use fragmentation rules based on the CID conditions
to score and filter 1sobaric fragments (such as breaking of
aromatic bonds 1s unlikely at low CE). See also FIGS. 5-7.

(iv) Where possible, use fragment evidence from the
chemical space studied and searched for a given substructure
in the spectral repository and corresponding experimental
data and their assignment to score and {filter 1sobaric frag-
ments.

The chemical space of zepam compounds includes
7-aminoclonazepam, diazepam, and temazepam, {for
example. All of the zepam compounds have a fragment at
193 Da. In order to determine the fragment at 193 Da the
fragments of 7-aminoclonazepam, diazepam, and temaze-
pam, at or around 193 Da are compared.

FIG. 8 1s an exemplary screen capture 800 of information
from a display window of a fragmentation evaluation tool
showing the chemical structure of a fragment of 7-aminoclo-
nazepam having a nominal mass of 193 and having the
highest score, 1n accordance with various embodiments.
Screen capture 800 shows highest scoring fragment 810
(C,;HoN,) for 7-aminoclonazepam having an m/z of 193
Da. Screen capture 800 also shows a product 10n spectrum
820 for 7-aminoclonazepam, a chemical structure 830 for
7-aminoclonazepam, and a fragment substructure 840 for
fragment 810 of 7-aminoclonazepam.

FIG. 9 1s an exemplary screen capture 900 of information
from a display window of a fragmentation evaluation tool
showing the chemical structure of a fragment of diazepam
having a similar structure as the highest scoring fragment in
FIG. 8, in accordance with various embodiments. Screen
capture 900 shows fragment 910 (C,;H,N,) for diazepam
having an m/z of 193 Da. Screen capture 900 shows a
product 1on spectrum 920 for diazepam, a chemical structure
930 for diazepam, and a fragment substructure 940 for
fragment 910 of diazepam. Screen capture 900 also shows
tfragment 950 (C,,N,,N), which has a higher score than
fragment 910 (C,;H,N,,).

FIG. 10 1s an exemplary screen capture 1000 of informa-
tion from two overlaid display windows of a fragmentation
evaluation tool showing the chemical structures of two
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fragments of temazepam that also have a nominal mass of
193, in accordance with various embodiments. Display

window 1010 shows the chemical structure of fragment
1011 (C,;H,N,) of temazepam. Display window 1020
shows the chemical structure of a different fragment 1021
(C,,H,3sN,O,) of temazepam.

FIGS. 8-10 show that the chemical structures of
7-aminoclonazepam, diazepam, and temazepam are very
similar to one another. In addition, the spectra of all three
compounds have a fragment at m/z 193.08. For consistency
it makes sense that the structure of thus fragment should be
the same—or at least very similar—in all four cases. Look-
ing at FIG. 8, the overall highest scoring fragment for
7-aminoclonazepam 1s fragment 810 (C,;H/N,). So 1f 1t 1s
assumed that this 1s the correct assignment for this molecule,
the correct assignment for diazepam 1n FIG. 8 should be the
analogous one, 1.e., fragment 910 (C,;H,N,) even though
fragment 950 (C, H,,N) has a higher score.

FIG. 10 shows the selection of the correct fragment more
clearly. Fragment 1021 1s probably NOT correct, because 1ts
chemical structure 1s not very similar to chemical structures
840 and 940 of FIGS. 8 and 9, respectively, the presumed
correct fragments. For example, fragment 1021 of FIG. 10
does not have the benzene ring at the “bottom™ of the
structure, which chemical structures 840 and 940 of FIGS.
8 and 9 have. Fragment 1011 of FIG. 10, however, 1s stmilar
to the chemical structures 840 and 940 of FIGS. 8 and 9, and
1s, therefore, more likely to be correct.

In various embodiments, when no one unique fragment or
composition can be assigned to a given fragment (1.¢., two
possibilities have a similar score), the fragment can be
annotated with multiple possibilities.

In various embodiments, fragments are annotated with the
clemental compositions and any potential substructure
pieces. Elemental compositions with a high score but with-
out substructures are retaimned to allow for unanticipated
fragmentation, such as rearrangements.

In various embodiments, once the correct element com-
positions are assigned to the peaks i the MS/MS or product
10n spectra, the spectra collected with approximately unit Q1
resolution are converted into non-specific fragmentation
spectra by 1njecting a theoretical 1sotope pattern for each
annotated fragment nto the spectra.

FIG. 11 1s an exemplary series ol mass spectrum plots
1100 showing how spectra are converted into accurate
non-speciiic fragmentation spectra by injecting a theoretical
1sotope pattern for each annotated fragment into the spectra,
in accordance with various embodiments. Plot 1110 shows a
portion of an exemplary non-specific fragmentation spec-
trum produced from an accurate experimental non-specific
fragmentation method. Because a non-specific fragmenta-
tion method was used, the fragments or product ions have a
tull 1sotopic pattern. This would not be the case 1f a narrow
precursor 1on window or narrow Q1 window had been used.
The compound 1n plot 1120 has a bromine atom, which has
a distinctive 1sotope pattern. The pattern includes two 1so0-
topes of roughly equal intensity separated by 2 Da. The two
1sotopes are shown 1n FIG. 11 as peaks 1111 and 1112. A
typical product 1on spectrum acquired with a narrow pre-
cursor window would only show one of these 1sotopes.

Plot 1120 shows a portion of an exemplary library spec-
trum. The spectrum shows a low accuracy mass of 383 for
a fragment of the known compound. The spectrum of plot
1120 was acquired with a narrow precursor 1on window. As
a result, the spectrum of plot 1120 shows only one 1sotope
peak 1121 for the known compound.
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In various embodiments, during the conversion of nomi-
nal or lower-accuracy mass library spectra to accurate mass
library spectra, theoretical or processor generated 1sotope
masses are added back to the high accuracy mass library
spectra.

Plot 1130 shows a portion of an exemplary converted
accurate mass library spectrum. Comparing plot 1120 and
1130 shows that mass peak 1121 of the mass library spec-
trum 1n plot 1120 was converted to accurate mass peak 1131
in accurate mass library spectrum in plot 1130. In addition,
theoretical 1sotope mass peak 1132 was added to the high
accuracy mass library spectrum 1n plot 1130.

Accurate mass library spectrum 1n plot 1130 can then be
used, for example, to determine if the known compound 1s
in any non-specific fragmentation spectrum, such as the one
shown 1n plot 1110. For example, the non-specific fragmen-
tation spectrum of plot 1110 1s searched against the high
accuracy mass library spectrum 1n plot 1130.

System for Converting Product Ion Mass Spectra

Various embodiments include a system for converting
product 10on mass spectra to product 1on mass spectra with
higher mass accuracy, 1n accordance with various embodi-
ments. This system includes a processor configured to
process tandem mass spectrometry data post-acquisition.
The processor can be, but 1s not limited to, a computer,
microprocessor, the computer system of FIG. 1, the proces-
sor of FIG. 2 or any device capable of processing data and
sending and recerving data.

The processor receirves at least one product 10on mass
spectrum produced by a tandem mass spectrometer. The
tandem mass spectrometer 1s, for example, a low accuracy
tandem mass spectrometer. The processor receives the at
least one product 10n mass spectrum from a low accuracy
spectral library, for example.

FIG. 12 15 an exemplary nominal or low-accuracy product
ion mass spectrum 1200 for epinephrine, 1n accordance with
vartous embodiments. Product ion mass spectrum 1200
includes peaks 1210 and 1220 that have masses of 91 and
120 Da, respectively.

In addition to the at least one product 1on mass spectrum,
the processor receives a chemical structure of a compound
that corresponds to the at least one product ion mass
spectrum. In various embodiments the chemical structure of
a compound that corresponds to the at least one product 1on
mass spectrum 1s also received from a spectral library. In
other embodiments, the chemical structure may be received
from another library or database.

The processor assigns one or more elemental composi-
tions to at least one peak in the at least one product 10on
spectrum based on the chemical structure. The processor
selects at least one elemental composition of the one or more
assigned elemental compositions for the at least one peak.
Finally, the processor converts the mass of the at least one
peak to the mass of the selected at least one elemental
composition, producing a product 1on mass spectrum with
higher mass accuracy.

FIG. 13 1s an exemplary converted accurate product ion
mass spectrum 1300 for epinephrine, in accordance with
various embodiments. Converted accurate product 10n mass
spectrum 1300 includes peaks 1310 and 1320 that have
accurate masses of 91.0369 and 120.1252 Da, respectively.

As described above, the processor can assign and select
clemental compositions in a variety of ways. In various
embodiments, the processor assigns one or more elemental
compositions to the at least one peak in the at least one
product 10n spectrum by simulating one or more fragmen-
tations of the chemical structure that produce one or more
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substructures of the chemical structure, and assigning to the
at least one peak elemental compositions of the one or more
substructures that have a mass within a mass tolerance of the
mass of the at least one peak. The processor then selects at
least one elemental composition by scoring the one or more
assigned elemental compositions and selecting at least one
clemental composition with the highest score, for example.
The scoring can be based on fragmentation rules.

In an alternative embodiment, the processor assigns one
or more elemental compositions to the at least one peak 1n
the at least one product 1on spectrum by calculating one or
more c¢lemental compositions from the elements of the
chemical structure that have masses within a mass tolerance
of the mass of the at least one peak, and assigning the one
or more elemental compositions to the at least one peak. At
least one elemental composition can be selected 1n a number
of ways.

In various embodiments, the processor selects at least one
clemental composition by scoring the one or more assigned
clemental compositions, and selecting at least one elemental
composition with the highest score. The one or more
assigned elemental compositions are scored, for example,
based on a mass difference between at least one elemental
composition and the mass of the at least one peak.

In various embodiments, the processor selects at least one
elemental composition based on two scores. As noted above,
the processor selects at least one elemental composition by
scoring the one or more assigned elemental compositions. In
addition, the processor simulates one or more fragmenta-
tions of the chemical structure that produce one or more
substructures of the chemical structure, assigns to the at least
one peak one or more substructures that have a mass within
a mass tolerance of the mass of the at least one peak, and
scores the one or more substructures. The processor finally
combines the scores ol assigned substructures and their
corresponding elemental compositions, and selects a corre-
sponding elemental composition of an assigned substructure
that has the highest combined score.

In various embodiments, the one or more assigned
clemental compositions are scored based on a mass difler-
ence between at least one elemental composition and the
mass of the at least one peak, and the one or more substruc-
tures are scored based on fragmentation rules.

In various embodiments, the processor further receives at
least one data collection condition that corresponds to the at
least one product 1on mass spectrum. The collection condi-
tion 1s used by a fragmentation rule during scoring, for
example. The collection condition can include, but i1s not
limited to, one or more of a polarity, a first quadrupole Q1
resolution, a precursor mass-to-charge ratio (m/z), an m/z
error distribution, a target product 1ion spectrum Q1 width,
and a collision energy.

In various embodiments, after the processor converts the
mass of the at least one peak to the mass of the selected at
least one elemental composition, the processor further adds
one or more 1sotopic peaks of the at least one peak to the
product 1on mass spectrum with higher mass accuracy.

In various alternative embodiments, the processor adds
one or more 1sotopic peaks of the at least one peak to the
product 1on mass spectrum with higher mass accuracy
without converting the mass of the at least one peak to the
mass ol the selected at least one elemental composition. In
other words, the processor receives at least one product 1on
mass spectrum produced by a tandem mass spectrometer.
The processor receives a chemical structure of a compound
that corresponds to the at least one product 10on mass
spectrum. The processor assigns one or more elemental
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compositions to at least one peak 1n the at least one product
1ion spectrum based on the chemical structure. The processor
selects at least one elemental composition of the one or more
assigned elemental compositions for the at least one peak.
However, mstead of converting the mass of the at least one
peak to the mass of the selected at least one elemental
composition, the processor adds one or more 1sotopic peaks
of the at least one peak to the product 1on mass spectrum,
producing a product 10n mass spectrum suitable for use with
a non-specilic precursor 1on selection method.

In various embodiments, a mass tolerance 1s a known
error range of the lower accuracy mass measured by the
tandem mass spectrometer.

Method for Converting Product Ion Mass Spectra

FIG. 14 1s a tlowchart showing a method 1400 for

converting product 1on mass spectra to product ion mass
spectra with higher mass accuracy, i accordance with
various embodiments.

In step 1410 of method 1400, at least one product ion
mass spectrum produced by a tandem mass spectrometer 1s
received using a processor.

In step 1420, a chemical structure of a compound that
corresponds to the at least one product 10n mass spectrum 1s
received using the processor.

In step 1430, one or more elemental compositions are
assigned to at least one peak 1n the at least one product 10on
spectrum based on the chemical structure using the proces-
SOF.

In step 1440, at least one elemental composition of the
one or more assigned elemental compositions 1s selected for
the at least one peak using the processor.

In step 14350, the mass of the at least one peak 1s converted
to the mass of the selected at least one elemental composi-
tion using the processor, producing a product ion mass
spectrum with higher mass accuracy.

Computer Program Product for Converting Product Ion
Mass Spectra

In various embodiments, computer program products
include a tangible computer-readable storage medium whose
contents include a program with instructions being executed
on a processor so as to perform a method for converting
product 1on mass spectra to product 10n mass spectra with
higher mass accuracy. This method 1s performed by a system
that includes one or more distinct software modules.

FIG. 15 1s a schematic diagram of a system 1500 that
includes one or more distinct software modules that per-
forms a method for converting product 10n mass spectra to
product 1on mass spectra with higher mass accuracy, in
accordance with various embodiments. System 1500
includes mput module 1510 and analysis module 1520.

Input module 1510 module receives at least one product
ion mass spectrum produced by a tandem mass spectroms-
cter. Input module 1510 receives a chemical structure of a
compound that corresponds to the at least one product 1on
mass spectrum.

Analysis module 1520 assigns assigning one¢ or more
clemental compositions to at least one peak 1n the at least
one product 10n spectrum based on the chemical structure.
Analysis module 1520 selects at least one elemental com-
position of the one or more assigned elemental compositions
for the at least one peak using the analysis module. Finally,
analysis module 1520 converts the mass of the at least one
peak to the mass of the selected at least one elemental
composition using the analysis module, producing a product
ion mass spectrum with higher mass accuracy.
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One of ordinary skill in the art can appreciate that the use
of the term “mass” used herein with regard to mass spec-
trometry data 1s interchangeable with the term “mass-to-
charge ratio (m/z)”.

While the present teachings are described 1n conjunction
with various embodiments, 1t 1s not intended that the present
teachings be limited to such embodiments. On the contrary,
the present teachings encompass various alternatives, modi-
fications, and equivalents, as will be appreciated by those of
skill 1n the art.

Further, in describing various embodiments, the specifi-
cation may have presented a method and/or process as a
particular sequence of steps. However, to the extent that the
method or process does not rely on the particular order of
steps set forth herein, the method or process should not be
limited to the particular sequence of steps described. As one
of ordinary skill 1n the art would appreciate, other sequences
of steps may be possible. Therefore, the particular order of
the steps set forth 1n the specification should not be con-
strued as limitations on the claims. In addition, the claims
directed to the method and/or process should not be limited
to the performance of their steps 1n the order written, and one
skilled 1n the art can readily appreciate that the sequences
may be varied and still remain within the spirit and scope of
the various embodiments.

What 1s claimed 1s:

1. A system for converting product 1on mass spectra to
product 1on mass spectra with higher mass accuracy, com-
prising;:

a processor that

receives at least one product 1on mass spectrum pro-
duced by a tandem mass spectrometer,

receives a chemical structure of a compound that
corresponds to the at least one product 1on mass
spectrum,

assigns one or more elemental compositions to at least
one peak in the at least one product 10on spectrum
based on the chemical structure by calculating one or
more elemental compositions from the elements of
the chemical structure that have masses within a
mass tolerance of the mass of the at least one peak
and assigning the one or more elemental composi-
tions to the at least one peak,

scores the one or more assigned elemental composi-
tions,

simulates one or more fragmentations of the chemical
structure to produce a plurality of substructures of
the chemical structure,

compares the plurality of substructures to the one or
more assigned elemental compositions to find one or
more matching substructures,

assigns the one or more matching substructures to their
corresponding assigned elemental compositions,

scores the one or more matching substructures,

combines scores of the one or more assigned elemental
compositions and their corresponding one or more
matching substructures to produce an overall score
for each of the one or more assigned elemental
compositions,

selects at least one elemental composition of the one or
more assigned elemental compositions that has the
highest overall score,

and

converts the mass of the at least one peak to the mass
of the selected at least one elemental composition,
producing a product 1on mass spectrum with higher
mass accuracy.
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2. The system of claim 1, wherein the one or more
assigned elemental compositions are scored based on frag-
mentation rules comprising one or more of a rule that the
clemental composition of a fragment 10n 1s consistent with
the composition of a known precursor 10n, a rule that losses
are consistent with their precursor, a rule that chemical
bonds of higher order are harder to break than bonds of
lower order, and a rule that chemical bonds between carbon
(C) and heteroatoms nitrogen (N), oxygen (O), and sulphur
(S) are easier to break than C—C bonds.
3. The system of claim 1, whereimn the one or more
assigned elemental compositions are scored based on a mass
difference between at least one elemental composition and
the mass of the at least one peak.
4. The system of claim 2, wherein the processor further
receives at least one data collection condition that corre-
sponds to the at least one product 10n mass spectrum and the
fragmentation rules comprise a rule that uses the at least one
data collection condition.
5. The system of claim 4, wherein the at least one data
collection condition comprises one or more of a polarity, a
first quadrupole Q1 resolution, a precursor mass-to-charge
ratio (m/z), an m/z error distribution, a target product i1on
spectrum Q1 width, and a collision energy.
6. The system of claim 1, wherein after the processor
converts the mass of the at least one peak to the mass of the
selected at least one elemental composition, the processor
turther adds one or more 1sotopic peaks of the at least one
peak to the product ion mass spectrum with higher mass
accuracy.
7. A method for converting product ion mass spectra to
product 10n mass spectra with higher mass accuracy, com-
prising:
receirving at least one product ion mass spectrum pro-
duced by a tandem mass spectrometer using a proces-
SOT';

recerving a chemical structure of a compound that corre-
sponds to the at least one product 1on mass spectrum
using the processor;

assigning one or more elemental compositions to at least

one peak 1n the at least one product 10n spectrum based
on the chemical structure using the processor by cal-
culating one or more elemental compositions from the
clements of the chemical structure that have masses
within a mass tolerance of the mass of the at least one
peak and assigning the one or more elemental compo-
sitions to the at least one peak;

scoring the one or more assigned elemental compositions

using the processor;

simulating one or more fragmentations of the chemical

structure to produce a plurality of substructures of the
chemical structure using the processor;
comparing the plurality of substructures to the one or
more assigned elemental compositions to find one or
more matching substructures using the processor;

assigning the one or more matching substructures to their
corresponding assigned elemental compositions using
the processor;
scoring the one or more matching substructures using the
Processor;

combining scores of the one or more assigned elemental
compositions and their corresponding one or more
matching substructures to produce an overall score for
cach of the one or more assigned elemental composi-
tions using the processor;
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selecting at least one elemental composition of the one or
more assigned elemental compositions that has the
highest overall score using the processor;

and

converting the mass of the at least one peak to the mass
of the selected at least one elemental composition using
the processor, producing a product 1on mass spectrum
with higher mass accuracy.

8. A computer program product, comprising a non-tran-
sitory and tangible computer-readable storage medium
whose contents include a program with 1nstructions being,
executed on a processor so as to perform a method for
converting product 1on mass spectra to product ion mass
spectra with higher mass accuracy, comprising;:

providing a system, wherein the system comprises one or

more distinct software modules, and wherein the dis-
tinct soltware modules comprise an mput module and
an analysis module;

receiving at least one product 1on mass spectrum pro-

duced by a tandem mass spectrometer using the mnput
module;

receiving a chemical structure of a compound that corre-

sponds to the at least one product 10n mass spectrum
using the mput module;

assigning one or more elemental compositions to at least

one peak 1n the at least one product 10on spectrum based
on the chemical structure using the analysis module by
calculating one or more elemental compositions from
the elements of the chemical structure that have masses
within a mass tolerance of the mass of the at least one
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peak and assigning the one or more elemental compo-
sitions to the at least one peak;

scoring the one or more assigned elemental compositions
using the analysis module;

simulating one or more fragmentations of the chemical
structure to produce a plurality of substructures of the
chemical structure using the analysis module;

comparing the plurality of substructures to the one or
more assigned elemental compositions to find one or
more matching substructures using the analysis mod-
ule:

assigning the one or more matching substructures to their
corresponding assigned elemental compositions using,
the analysis module;

scoring the one or more matching substructures using the
analysis module;

combining scores ol the one or more assigned elemental
compositions and their corresponding one or more
matching substructures to produce an overall score for
cach of the one or more assigned elemental composi-
tions using the analysis module;

selecting at least one elemental composition of the one or
more assigned elemental compositions that has the
highest overall score using the analysis module;

and

converting the mass of the at least one peak to the mass
of the selected at least one elemental composition using,
the analysis module, producing a product i1on mass
spectrum with higher mass accuracy.
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